Two experiments were performed for this study. The purpose of both experiments was to examine the validity of pure-tone hearing thresholds obtained near the rising portion of a sensorinenral hearing loss. Recent work by other investigators has suggested that thresholds obtained near the rising portion of the audiogram may not correspond to the severity of damage at the cochlear place associated with the test frequency. In the first experiment this issue was addressed in 11 subjects having lowfrequency sensorineural hearing loss, whereas 12 subjects (19 ears) having notch-shaped high-frequency sensorineural hearing losses were examined in the second experiment. The results indicated that thresholds obtained from the rising portion of the audiometrie configuration were, in most instances, determined by sensitivity at the test frequency. An exception to this generalization involved low-frequency sensorineural hearing loss with a slope for the rising portion of the audiogram exceeding -25 riB/octave. In these eases the severity of the loss may be underestimated for test frequencies immediately adjacent to the rising portion of the audiogram.
Two experiments were performed for this study. The purpose of both experiments was to examine the validity of pure-tone hearing thresholds obtained near the rising portion of a sensorinenral hearing loss. Recent work by other investigators has suggested that thresholds obtained near the rising portion of the audiogram may not correspond to the severity of damage at the cochlear place associated with the test frequency. In the first experiment this issue was addressed in 11 subjects having lowfrequency sensorineural hearing loss, whereas 12 subjects (19 ears) having notch-shaped high-frequency sensorineural hearing losses were examined in the second experiment. The results indicated that thresholds obtained from the rising portion of the audiometrie configuration were, in most instances, determined by sensitivity at the test frequency. An exception to this generalization involved low-frequency sensorineural hearing loss with a slope for the rising portion of the audiogram exceeding -25 riB/octave. In these eases the severity of the loss may be underestimated for test frequencies immediately adjacent to the rising portion of the audiogram.
It is often assumed in the measurement of hearing loss for pure tones in the ear with sensorineural pathology that the amount of hearing loss at a particular frequency accurately reflects the severity of underlying cochlear damage in the region of the cochlea associated with tile test frequency. The extent of agreement between hearing threshold and underlying cochlear pathology has been the focus of many studies [See Bredberg and HunterDuvar (1975) and Humes and Konkle (1980) for reviews.J As a result, this basic tenet of pure-tone audiometric testing has been challenged along several lines in recent years. Results obtained by Thornton and Abbas (1980) in a study of four listeners with low-fi'equency sensorineural hearing loss, for example, indicate that the severity of low-frequency hearing loss, and presumably the damage in the low-frequency region of the cochlea, may be underestimated by as much as 30 dB in some eases. In their study, results from two of the four listeners indicated that individuals manifesting moderate low-frequency hearing loss may not be detecting the low-frequency pure-tone signal in the low-frequency region of the cochlea. Rather, as a consequence of the upward spread of excitation, these listeners may be detecting it in their normal-hearing high-frequency region.
Thornton and Abbas demonstrated, by measuring psychophysical tuning curves and masking patterns, that some listeners with low-frequency sensorineural hearing loss detected remote portions of the excitation pattern of low-frequency signals. In the ease of the masking pattern, for example, threshold was measured at several frequencies in the presence of a high-intensity (70-100 dB SPL) high-frequency pure-tone masker. The masker frequency was positioned along the rising portion of the audiogram. Results from a single normal hearer indicated, as expected, that masking did not spread in a downward direction more than one octave for the range of masker levels employed. Comparable masked thresholds from the hearing-impaired subjects, however, revealed substantial threshold elevations for low-frequency signals that were several octaves below the masker. Thornton and Abbas argued that this unusual masking behavior resulted from the low-frequency pure-tone signal being detected in quiet at a more remote high-frequency region. The introduction of a pure-tone masker in the same high-frequency region eliminated this remote cue and forced the deteetion of the signal to take place in the low-frequency region of the cochlea. Thus, the masked low-frequency thresholds provided a more accurate indication of the severity of damage in the low-frequency region of the cochlea, The results from the tuning-curve experiments and some data obtained on the perception of filtered speech also supported this basic conclusion.
The basic results obtained by Thornton and Abbas have been confirmed recently by several investigators both in listeners with low-frequency sensorineural hearing loss (Florentine & Houtsma, 1983; Goldstein, Karlovich, Tweed, & Kile, 1983; Turner, Burns, & Nelson, 1983) and in subjects with severe hearing loss from 250 through 8000 Hz but normal ultra-audiometric hearing (Collins, Cullen, & Berlin, 1981) . Only the study by Turner et al. (1983) , however, utilized a sample size greater than 1. The results of the study by Thornton and (Thornton & Abbas, 1980; Turner et al., 1983) , only half of the subjects demonstrated detection of remote portions of the excitation pattern. Most subjects, moreover, had similar slopes (-20 to -30 dB/octave) for the rising portion of their audi0grams. Detection of remote portions of the tone's excitation pattern should only affect threshold when the slope of the underlying lesion is sharper than the slopes of the tone's excitation pattern. Excitation patterns for low-frequency pure tones appear to have high-frequency slopes of -30 to -35 riB/octave when measured in normal ears (Kidd & Feth, 1981; Verschuure, 1978) . Thus, the validity of low-frequency pure-t0ne thresholds obtained in quiet may only be of concern when the slope of the rising portion of the hearing loss equals or exceeds -30 dB/octave, as was the case for most of the listeners tested by previous investigators. This hypothesis, however, requires confirmation. Finally , individuals with noise-induced hearing loss typified by a "notch-shaped" audiogram represent a more common case in which a rising slope in the audiogram is encountered. Because tile slopes of the excitation patterns are much steeper at high frequencies, however, detection of remote portions of the test signal's excitation pattern would seemless likely at high frequencies. This hypothesis also requires direct confirmation.
The present investigation is divided into two separate experiments designed to address the issues raised in the preceding paragraphs. In the first experiment, 11 ~ndivid-uals having low-frequency sensorineural hearing loss served as subjects, whereas 12 listeners with notchshaped patterns of high-frequency hearing loss served as subjects in the second experiment. The basic design of both experiments was tile same. Specifically, pure-tone hearing thresholds were measured near the edge and at the center of a region of hearing loss both in quiet and with the addition of a low-level band-pas s noise whose spectral content was positioned in the region of normal hearing adjacent to the rising portion of the audiogram.
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Listeners using remote high-frequency portions of the excitation pattern of a pure tone to detect its presence in the quiet condition were expected to show poorer lowfrequency hearing thresholds in the presence of the noise.
EXPERIMENT 1
Method
Subjects. Subjects were IX individuals (10 female, 1 male) aged 7-64 years. Relevant clinical information for all these subjects is summarized in Table 1 . Most of these subjects had a common etiology--heredity.
Apparatus. InRial pure-tone thresholds were obtained with a diagnostic audiometer (Grason-Stadler Model 1701) calibrated in accord with American standards (ANSI $3.6-1969). Thresholds at selected frequencies (described below) were then reestablished utilizing a laboratory set-up. Pure~tone signals in this set-up were generated by a solid-state low-distortio n oscillator (Krohn-Hite Model 4100AR), gated (Coulbourn Instruments $84-04), attenuated by a programmable attenuator (Coulbourn Instruments $85-08) and a manual attenuator (Hewlett-Packard 350D), mixed, amplified (Crown Model D-75), attenuated once again (Coulbourn Instruments Model $85-02), and finally delivered to a TDH-49 earphone mounted in a circumaural cushion (Grason-Stadler #001). The narrow-band masking noise was generated by passing broadband noise through two low-pass filters (Krohn-Hite Model 3343) in series set to a cut-offfrequency corresponding to one-half the desired 3-dB bandwidth and multiplying this low-pass noise by a pure tone having a frequency corresponding to the desired center frequency of the noise. Because the rejection rate of the low-pass filtered noise was -96 riB/octave, the resulting narrowband noise had very steep skirts of several hundred dB per octave. The exact value of the rejection rate for the narrow-band noise masker varied with the particular center frequency chosen for the narrow-band masker. The narrow-band masker was routed through a manual attenuator (Hewlett-Packard 350D) and. was mixed with 25  30  --65  60  30  30  45  Unknown  M S  51  --55  65  --60  --55  25  30  Hereditary  EP  27  45  45  40  25  20  --15  10  10  Hereditary  HT  20  --35  45  --50  --40  0  15  Hereditary  SD  37  --50  50  --50  --45  0  0  Hereditary  NT  32  --40  40  --40  35  15  5  5  Hereditary  DW  27  --35  50  --55  --60  30 10 Unknown the pure-tone test signal. When used, the narrow-band masker was on continuously. The laboratory set-up was controlled by a PDP-11/03 laboratory minicomputer. The minicomputer was responsible for gating and attenuating the test signal, activating lights on the subject's response box, collecting responses, and calculating the threshold. All testing was performed in double-walled sound-attenuating rooms meeting American standards for audiometric testing (ANSI $3. .
Procedure. Pure-tone thresholds were first measured using the typical modified method of limits and a clinical audiometer. From the resulting audiogram, displayed in Table 1 , decisions were made regarding the frequencies of the test signals to be used. Three frequencies were selected. The location of these signal frequencies relative to the configuration of the hearing loss is illustrated in Figure 1 . One frequency was selected to correspond to the point of return to normal hearing (point C in Figure  1 ), one corresponded to the low-frequency edge of the rising portion of the hearing loss (point B), and the final threshold was obtained at a frequency one octave below that corresponding to point B in Figure 1 . The latter threshold, therefore, was well into the region of hearing loss. The second, third, and fourth columns of Table 2 display the actual signal frequencies used for each subject.
The next decision involved the parameters of the narrow-band masking noise. The center frequency was established to coincide with the point labeled C in FIGURE 1. Illustration of the location of the three stimulus frequencies used in Experiment 1 in relation to the subject's audiometrie configuration. Location B was selected to correspond to the edge of the hearing loss (referred to later as the tone at edge). Location A was typically one octave below the frequency corresponding to location B and was, therefore, well into the region of hearing loss (referred to later as the tone at center of loss). Hearing threshold was measured at location C so as to monitor the effectiveness of the narrow-band masker centered at a frequency corresponding to location C. Note. Points A, B, C correspond to same in Figure 1 .
1. The bandwidth was determined to meet two constraints: (a) It must be broader than the critical bandwidth at that frequency to assure effective masking of the signal; and (b) the lower cut-offfrequeney was higher than point B in Figure 1 . Thus, the spectrum of the narrow-band masker never overlapped with the spectrum of the signals at points A or B in Figure 1 . The bandwidth of the narrowband masker for each subject is shown in the fourth column of Table 2 . Next, the level of the narrow-band masker was established. The masker level was adjusted to produce approximately 20 dB of masking at point C in Figure 1 . This level was estimated initially by ealeulation and then confirmed directly by measurement. The criterion of 20 dB of masking at point C was established to assure that a sufficient amount of masking occurred to shift thresholds significantly at points A and B if the listener was in fact using remote portions of the excitation pattern to detect the signal. In addition, we wanted to avoid using high masker levels to assure that there was no direct masking of signals at points A and B by the narrow-band masker centered at point C.
All thresholds obtained in the laboratory were obtained with an adaptive two-alternative forced-choice paradigm designe d to estimate the point corresponding to 70.7% correct signal detections on the psychometric function (Levitt, 1971) . A total of 12 reversals in signal level comprised a single run. A 6-dB step size was used for the first reversal, with a 2-dB step used thereafter. The first and last reversals were discarded, and the remaining 10 were averaged to yield a single estimate of threshold. Two threshOld estimates were obtained for all conditions.
The subject was allowed one practice threshold at the beginning of the experimental session. Following this practice threshold, two thresholds were obtained in quiet, first at the frequency corresponding to point C ( Figure  1 ) and then at the frequencies corresponding to points B and A, in that order. These measurements were then repeated in the same sequence in the presence of the narrow-band masker centered at C. For those subjects having unilateral hearing loss, all testing was accomplished with a broadband noise at an appropriate level introduced into the contralatera! ear.
Results and Discussion
The data obtained from the 11 listeners of this experiment are depicted in Figure 2 and Table 3 . Both the figure and the table illustrate the shift in threshold that resulted from the addition of the narrow-band masker. The threshold shift was ea!culated by obtaining the mean of the two thresholds obtained in quiet and subtracting them from the mean of the two thresholds obtained in noise. The thresholds for a given pair of threshold estimates from an experimental condition were typically within 2--3 dB of one another. When they were not, a third threshold was obtained prior to calculating the mean. The data points in Figure 2 labeled tone at edge correspond to thresholds obtained for frequencies corresponding to point B in Figure 1 , whereas those labeled tone at center correspond to data obtained at point A. Two subjects do not have data points for the tone at the center of the lesion. In one of these subjects (TV), the loss was of a notch-like configuration, and it was simply not possible to stay within the region of hearing loss by moving an octave below the high-frequency edge of the loss. For the other subject (KT), there was insufficient time available to collect these data.
The data in Figure 2 indicate that some subjects demonstrate approximately a 15-20 dB elevation in the threshold for the tone at the edge of the hearing loss when the narrow-band masker is introduced into their normalhearing region. This appears to occur, however, only when the slope of the low-frequency hearing loss exceeds -30 dB/octave. The threshold measured well into the region of low-frequency hearing loss was not shifted substantially by the addition of the narrow-band noise regardless of the slope of the hearing loss, except for two subjects (TM, MS) who exhibited a shift of 7-8 dB.
Among results of the many recent studies of detection of remote portions of the excitation pattern, the data from the masking-pattern experiment of Thornton and Abbas (1980) are most like those obtained in the present study. Results of this experiment confirm only some aspects of the investigation by Thornton and Abbas, who observed 15-30 dB of threshold shift in the tone at edge condition in their subjects. Recall that their subjects had low, frequency hearing losses with slopes ranging from approximately -20 dB/octave to-30 dB/octave. Thus, the values of threshold shifts observed in the present study for comparable slopes of hearing los s are in reasonable agreement with their data from a smaller sample of subjects. The agreement in amount of threshold shift, however, is not of much consequence. A shift greater than 20 dB might have been obtained in the present study had more masking been introduced at point C. Unlike Thornton and Abbas, however, we failed to observe the same amount of threshold shift produced at frequencies located well within the region of hearing loss (tone at center). Rather, a substantial shift in the threshold for the tone located near the center of the low-frequency hearing loss seldom occurred (2 of 9 cases) when tile narrow-band masker was introduced.
Our conclusion drawn from these data is that it may indeed be necessary to use a narrow band of masking noise positioned in the normal-hearing region to obtain valid indications of the amount of low-frequency sensorineural hearing loss in cases of rising audiometric configurations. It would appear to be necessary, however, only if the slope of the hearing loss exceeds -25 dB/octave. In addition, the present data suggest that the primary error resulting from failure to use appropriate masking of the normal-hearing region would appear to be an underestimation of the severity of the loss only in a region spanning less than one octave immediately adjacent to the sloping portion of the audiogram. As mentioned above, however, other studies suggest that the underestimation of hearing loss may extend well into the region of lowfrequency hearing loss.
Another conclusion to be drawn from these results, however, is that approximately half of the subjects in this experiment did indeed appear to use their normal-hearing high-frequency region for detecting some low-frequency signals. Do these low-frequency stimuli result in d high-frequency pitch in these listeners? Although this question was not assessed in our subjects, recent results from other investigators would suggest that a low-frequency pitch is still perceived ~Florentine & Houtsma, 1~983; Turner et al., 19831 . Thus, the pitch of low-frequencY sound may be temporarily coded by high-frequency regions of the cochlea m many listeners with low-frequency sensorineural hearing loss. This may not be the case for other listeners with low-frequency sensorineural hearing loss. Hence, hearing-impaired listeners having similar audiometrie profiles may use considerably different mechanisms to encode that sound.
Finally, there might be a totally different explanation of the threshold shifts observed in Figure 2 for the subjects With the steepest sloping losses. Those impaired listeners exhibiting threshold shifts might have broader than normal critical bands at frequencies corresponding to point B so that the noise at C extends into their critical band at B and elevates the threshold. However, this possibility is remote. Recall that 20 dB of masking was produced at point C. Threshold shifts are only observed for those listeners having the steepest sloping audiogram. In such cases, the difference m quiet thresholds at points B and C was always greater than 30 dB. Thus, the masked threshold at C was always less than the quiet threshold at B.
Under these conditions, therefore, no shift in threshold at point B would be expected even if the entire band of noise centered at C were repositioned at point B.
EXPERIMENT 2
Method
Subjects. In this experiment we tested 12 patients of the Veterans Administration Medical Center in Nashville, Tennessee. In some subjects both ears were tested, resulting in data from !9 ears. The primary criterion for selection of ears' to be tested was that the hearing threshold at 8000 Hz needed to be at least 15 dB better than that at 4000 Hz. The audiometric data from these subjects are summarized in Table 4 .
Apparatus. All testing was acomplished with a calibrated (ANSI $3.6-1969) diagnostic audiometer (GrasonStadler Model 1704). The narrow-band masking noise used in this experiment was generated with the same multiplication technique described in the previous experiment in order to produce very steep skirts (several hundred dB/octave). This noise was then tape-recorded for use in testing the patients. The noise had a 3-dB bandwidth at 3000 Hz, extending from 5500 through 8500 Hz. Results obtained with the taped noise from six normal hearers indicated that thresholds at 8000 Hz could be elevated to hearing levels of 70 dB HL without any masking resulting at 4000 Hz. All testing was accomplished in sound-attenuating test rooms using TDH-49 earphones mounted in MX-41/AR cushions.
Procedures. The procedures in this experiment differed from those of Experiment i because they were performed at a different facility which did not have the necessary laboratory equipment. Air-conduction pure-tone thresholds were determined using the standard modified method of limits including 10-dB descending steps and 5-dB ascending increments. Thresholds were measured first in quiet at frequencies of 2000, 3000, 4000, 6000, and 8000 Hz and then with the addition of the high-frequency R  20  25  45  65  --45  -20  L  20  30  40  65  --50  -15  RC  R  10  10  20  40  25  20  -20  L  10  15  50  50  40  25  -25  KW  L  40  50  65  85  80  65  -20  SC  R  10  10  30  45  30  25  -20  RM  L  5  25  55  55  50  40  -15  BH  R  10  10  55  55  35  10  -45  L  5  35  50  50  35  25  -25  RL  R  20  20  25  50  25  10  -40  L  20  20  25  35  25  0  -35  NJ  R  20  45  70  60  45  35  -25  L  15  80  75  70  75  50  -20  CB  R  1 o  15  50  50  40  25  -25  L  0  30  75  75  70  55  -20 noise. Several noise levels were employed. The first level was adjusted to produce approximately l0 dB of masking at 8000 Hz. Noise level was then increased in steps of either 15 or 20 dB until masked threshold at 8000 Hz reached 80 dB HL.
Results and Discussion
A fairly wide range of slope values was encountered for the rising portion of the high-frequency notch in the audiogram. The slope value simply reflects the difference between hearing thresholds at 4000 and 8000 Hz. These data, as well as the degree of loss at 4000 Hz, are provided in Table 4 . The slope values ranged from -15 to -45 dB/ octave, and the degree of loss at 4000 Hz ranged from mild to severe. A masking noise that produced at least 20 dB and as much as 40 dB of masking at 8000 Hz failed to influence threshold at 4000 Hz in any of the subjects. This same masking noise shifted thresholds at 6000 Hz by about 10-15 dB at the highest noise levels used. This was to be expected, however, in that 6000 Hz was within the band of noise that extended from 5500 to 8500 Hz.
Of the 19 ears tested, 4 showed an additional 5-dB loss of hearing at 4000 Hz when the high-frequency masking noise was introduced at the highest noise level; 3 showed a 5-dB improvement in threshold at 4000 Hz under these same conditions; and the remaining 12 ears exhibited no change whatsoever. Since a 5-dB step size was employed, these changes are considered to be within the realm of test-retest variability and were not examined further. From this we conclude that listeners having a highfrequency notch-shaped hearing loss do not appear to utilize remote portions of the test signal's excitation pattern for its detection. Consequently, there appears to be no need for the use of high-frequency masking to obtain valid hearing thresholds in these cases.
It should be noted, however, that the steepest slope observed in the present sample of subjects for the rising portion of the audiogram was -45 dB/oetave. There is some evidence for detection of remote portions of the excitation pattern at high frequeneies, however, from a listener with normal ultra-audiometric hearing having a slope of approximately -120 dB/octave (Collins et al., 1981) . The lower slope values observed in the present study for listeners with high-frequency notch-shaped audiograms, however, appear to be typical for such cases.
CONCLUSION
It appears that, for the most part, the pure-tone thresholds obtained near the rising portion of the audiometrie contour in cases of low-frequency and notch-shaped highfrequency sensorineural hearing loss are valid indicators of the severity of damage at the place on the cochlea HUMES ET AL.: Hearing Threshold Validity 211 corresponding to the frequency of the test signal. Cases of low-frequency sensorineural hearing loss having slopes for the rising portion of their audiogram in excess of -25 dB/oetave appear to be exceptions. In these eases, threshold for pure-tone signals near the high-frequency edge of the hearing loss may underestimate the severity of damage.
